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Sur face -pa r t i c l e - in t e rac t ion  measurements have been c a r r i e d  
out  by u t i l i z i n g  t h e  torque and drag fo rce  on two paddle- 
wheel sa te l l i tes  with per igee  a l t i t u d e s  between 250 and 
300 lcm. The angular  d i s t r i b u t i o n  of t h e  re-emitted mole- 
cu le s  was i n f e r r e d  t o  be nea r ly  d i f f u s e ,  and t h e  accomno- 
da t ion  c o e f f i c i e n t s  were between 0.65 and 0.9. 
sa te l l i te  experiment,  P ro jec t  ODYSSEY, is  descr ibed  i n  
which t h e  su r face -pa r t i c l e - in t e rac t ion  and atmospheric 
parameters w i l l  be measured with much improved accuracy. 
A proposed 
1. In t roduc t ion  
Approximately a dozen paddlewheel satell i tes have been s e n t  
i n t o  o r b i t  i n  t h e  p a s t  10  years .  They have been designed 
t o  s tudy  the  magnetosphere and t h e  solar wind. 
by acc iden t  t h a t  they have revealed information about t h e  
i n t e r a c t i o n  of a i r  molecules wi th  sa te l l i t e  su r faces .  A t  
f i r s t ,  t h e  aerodynamic i n t e r a c t i o n  w a s  regarded as a 
nuisance.  Afterwards, i t  w a s  realized t h a t  t h i s  i n t e r -  
a c t  i o n  could provi  de information about 8 u r  f ace -par t  1 c le 
i n t e r a c t i o n s  which had h i t h e r t o  been unavai lable .  
It is  only  
r The des igne r s  of t h e  first paddlewheel s a t e l l i t e ,  Explore 
V I ,  expected t h e  momentum of t he  a i r  molecrllee re-emitted 
by t h e  S a t e l l i t e  s u r f a c e s  t o  be descr ibed by Maxwell'w 
c i a s a i c a i  moae i ( l ) ,  w i t h  approximateiy 952 of  c h e  moiecui 
d i f f u s e l y  r e f l e c t e d ( 2 ) .  A p o s t f l i g h t  ana lye l s (3 )  revea le  
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t h a t  t he  s p i n  had decayed t h r e e  t i m e s  as f a s t  as expected,  
and an orde r  of magnitude f a s t e r  than would have occurred 
i f  t h e  re-emission had been completely d i f f u s e  and accomo- 
dated. 
deaigners continued t o  underestimate t h e  aerodynamic 
to rques  on paddlewheel satellites. 
ties f o r  A r i e l  11, many of whose experiments became inoper- 
at ive after 3 months because of  t h e  r ap id  decay of t h e  
s p i n ,  and t h e  consequent attitude d r i f t ( 4 9 5 ) .  
Since A r i e l  11, h i g h e r  pe r igee  a l t i t u d e s  have been used f o r  
paddlewheel sa te l l i tes ,  thus  reducing t h e  aerodynamic 
torques.  Of more d i r e c t  i n t e r e s t  t o  t h i s  symposim,  t h e  
effects of  aerodynamic torques on paddlewheel s a t e l l i  t e a  
have been s t u d i e d  by several a u t h o r s ( 3 . 4 ~ 6 - 1 l ) .  
s t u d i e s  have revealed information about gas-surface i n t e r -  
a c t i o n s  i n  the  space environment which cannot a t  present  
be obtained by s imula t ion  s t u d i e s  i n  t h e  l abora to ry .  
2. The Resul ts  o f  Measurements Using Paddlewheel S a t e l -  
Paddlewheel satellites reveal information on gas-surface 
interactions which convent ional  sa te l l i t es  do n o t :  The 
reason is t h a t  convent ional  sa te l l i tes  f u r n i s h  a s i n g l e  
aerodynamic measurement, which is p r o p o r t i o n a l  t o  t h e  
product of t h e  a i r  d e n s i t y  and t h e  drag c o e f f i c i e n t ,  wh i l e  
paddlewheel sa te l l i tes  f u r n i s h  two measurements, one o f  
which is very s e n s i t i v e  to  t h e  i n c i d e n t  momentum, and t h e  
o t h e r  is  most s e n s i t i v e  t o  t h e  re-emitted momentum. The 
f i r s t  measurement, t h e  aerodynamic d r a g ,  is  w e l l  known, and 
has  been ex tens ive ly  t r e a t e d  i n  t h e  l i t e r a t u r e ( l 2 - 1 6 ) .  The 
second kind of  measurement, t h e  aerodynamic to rque ,  is 
l i t t l e  known although i t  has  been s t u d i e d  by s e v e r a l  work- 
e r ~ 3 ( ~ - 4 , ~ - 1 1 , 1 7 ) .  
aerodynamic torque on a paddlewheel sa te l l i te  is t h e  
o r i g i n a l  a n a l y s i s  of Leon and Reiter(2), which was based 
on Maxwell's classical model(l)  of gas-surface i n t e r a c t  ion.  
Leon and Reiter's a n a l y s i s  is  s u m a r i z e d  i n  t h e  Appendix. 
A more gene ra l  a n a l y s i s  based on Schamberg's models of  gas- 
s u r f a c e  i n t e r a c t i o n ( l 8 )  appears in Reference (10). The 
a n a l y s i s  based on t h e  d i f f u s e  case of  Schamberg's models 
has been worked out  i n  g r e a t  d e t a i l  i n  Reference (9). 
The Explorer VI r e s u l t s  remained unpublished, so 
This  caused d i f f i c u l -  
These 
li tee 
The s imples t  a n a l y s i s  of t h e  e f f e c t  of 
Whenever a new method of measurement is  used, i t  is n a t u r a l  
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t o  a sk  how its r e s u l t s  compare w i t h  o l d e r ,  b e t t e r  es tab-  
l i s h e d  methods. 
one might wonder whether solar r a d i a t i o n  torque had been 
c o r r e c t l y  s u b t r a c t e d  out .  and whether charge drag  or some 
o t h e r  exotic e f f e c t  could have i n v a l i d a t e d  t h e  measure- 
ments. For tuna te ly ,  both the  drag  and t h e  torque  are pro- 
p o r t i o n a l  to  t h e  air  dens i ty ,  so d i r e c t  comparisons can be 
made between t h e  t w o  types of measurement. 
Three such comparisons have been made: 
kap given by t h e  CIRA 1965 model atnrosphere(l9) have been 
compared wi th  those measured by t h e  s p i n  decay of  Explorer  
V I ( 1 0 ) ;  (2) The corpuscular  hea t in  
aga ins t  t w o  curves  f o r  t h i s  e f f e c t  obtained from satel l i te  
drag d a t a  by Jacch ia  and h i s  col leagues(21.22);  (3) Density 
scale h e i g h t s  measured by the peddlewheel sa te l l i tes  Ex- 
p l o r e r  V I  and IMP I1 have been compared wi th  s c a l e  he igh t s  
ob ta ined  from drag data(23) .  
a l l  t h r e e  cases g ives  us confidence t h a t  t he  method is 
accura te .  
I n  t h e  measurement of  aerodynamic torques ,  
(1) Dens i t i e s  a t  278 
e f f e c t  der ived  f rom the  
s p i n  measurements of  Explorer VI(2 8 has  been checked 
The good agreement found i n  
Although t h e  drag f o r c e  and torque on paddlewheel satell i tes 
can be accu ra t e ly  measured, t h i s  does no t  guarantee t h a t  t h e  
drag c o e f f i c i e n t  (Cd) and  accommodation c o e f f i c i e n t  (AC) can 
be found. A model of su r f ace  p a r t i c l e  i n t e r a c t i o n  m u s t  be 
assumed be fo re  t h e s e  q u a n t i t i e s  can be computed. I n  o rde r  
t o  determine t h e  range of poss ib l e  A C ' s  and Cd'S, f i v e  d i f -  
f e r e n t  models were w e d  with the  Explorer  VI and Ariel I1 
data :  
berg ' s  model(l8),  and two cases based on angular  d i s t r i b u -  
t i o n s  observed by Alcalay and Knuth(24) a t  1 e.v. 
p l o t s  of t he  angular  d i s t r i b u t i o n s  of re-emitted molecules 
are shown i n  Fig. 1, 
computed us ing  t h e  mechanics of Schamberg's models, so t h a t  
t he  speed of re-emission i s  assumed t o  be independent of 
t he  angle  of r e f l e c t i o n .  The angular  d i s t r i b u t i o n s  of mo- 
l e c u l a r  f l u x  and momentum a r e  i d e n t i c a l  i n  t h i s  formulat ion,  
which causes t h e  energy AC t o  be simply r e l a t e d  t o  the  speed 
of i n c i d e n t  and r e f l e c t e d  molecules. The equat ions  f o r  c a l -  
c u l a t i n g  Cd and AC from paddlewheel sa te l l i te  d a t a  have al- 
ready been publ ished(lO),  so they w i l l  not be repeated here .  
The AC' s  computed f o r  t h e  f i r s t  month Explorer  V I  w a s  i n  or- 
b i t ( l O ) ,  and f o r  t h e  f i r s t  5 days of  A r i e l  I I ( 1 1 )  are shown 
i n  Fig.  2. Each paddlewheel s a t e l l i t e  had two s u r f a c e  mate- 
Maxwell's c l a s s i c a l  model( l ) ,  t w o  cases of Scham- 
Po la r  
A l l  the cases except  Maxwell's were 
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rials, which w e r e  assulaed t o  have t h e  same AC. 
of t h e  angular d i s t r i b u t i o n  assumed, t h e  AC is high. 
r e s u l t  has several implicat ions:  (1) The angular  d i s t r i b u -  
t i o n  of r e f l e c t e d  molecules is  n e a r l y  d i f f u s e ;  (2) The sat- 
e l l i t e  s u r f a c e s  are contaminated. 
These conclusions f i t  i n  with o t h e r  experimental  facts: We 
know t h a t  s a t e l l i t e  s u r f a c e s  are contaminated by adsorbed 
a t aoephe r i c  gases  because t h e  nude mass spectrometer  on Ex- 
p l o r e r  XVII continued t o  measure s i z a b l e  concentrat  ion8 of 
a taoaphe r i c  gases  during t h e  p a r t  of its s p i n  cyc le  i n  which 
t h e  ion iz ing  source w a s  completely sh i e lded  from t h e  i n c i -  
dent  air stream(25).  I n  l abora to ry  measurements on argon a t  
4 e.v.(26), n e a r l y  d i f f u s e  r e f l e c t i o n  from contaminated sur-  
f a c e s  w a s  observed when t h e  background p res su re  corresponded 
t o  an a l t i t u d e  of 170 km i n  t h e  atmosphere. 
Regardless 
Th i s  
The t h r e e  satell i tes mentioned i n  t h e  preceding paragraphs 
had per igee a l t i t u d e s  between 250 and 300 km. 
range of a l t i t u d e s ,  t h e  r e s u l t s  above suggest  t h a t  sa te l l i t e  
su r faces  are contaminated, t h e  angu la r  d i s t r i b u t i o n s  are 
n e a r l y  diffuse, and t h e  AC's are between 0.65 and 0.9. The 
Cd's implied by t h e s e  measurements are about 2.25 f o r  A r i e l  
11, which was i n  a moderately e c c e n t r i c  o r b i t ,  and 2.4 f o r  
Explorer VI which was i n  a h i g h l y  e c c e n t r i c  o r b i t ( 1 1 )  
For t h a t  
Thus i t  appears t h a t  t h e  Cd of 2.2 which i s  convent ional ly  
used t o  de r ive  atmospheric d e n a i t i e s  from sa t e l l i t e  o r b i t a l  
decay(27) is close to  t h e  actual  value for t h e  sa te l l i tes  
i n  orbits of low o r  moderate e c c e n t r i c i t y  which usua l ly  are 
used. However, t h e  s u r f a c e  contamination is a func t ion  of 
t h e  ambient p re s su re ,  so t h i s  conclusion only a p p l i e s  t o  
per igee a l t i t u d e s  below 300 bun. A sa te l l i t e  w i t h  a pe r igee  
he igh t  of 700 km might have a Cd t h a t  was considerably 
h ighe r  or lower, depending on t h e  AC, t h e  angu la r  d i s t r i b u -  
t i on  of re-emitted momentum, and t h e  satel l i te  geometry. 
Laboratory measurements(26,28,29) and t h e o r e t i c a l  ca l cu la -  
tions(30-32) i n d i c a t e  t h a t  t h e  AC's of contaminated sur- 
f aces  do n o t  depend g r e a t l y  on t h e  s u b s t r a t e  material, 
e s p e c i a l l y  at t h e  h i g h e r  i n c i d e n t  ene rg ie s .  We cannot s a y  
from the  s a t e l l i t e  experiments how much t h e  AC depends on 
t h e  s u b s t r a t e  material, t h e  level of  contamination, or t h e  
angle  of incidence.  
be i nves t iga t ed  by us ing  some d a t a  from Ariel I1 which ex- 
ist for  many ang le s  of i nc idence ,  b u t  which have remained 
l a r g e l y  unreduced because of l a c k  of t i m e  and money. Unused 
The e f f e c t  of ang le  o f  i nc idence  could 
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, I  t 
d a t a  olao e x i s t  fo r  s e v e r a l  o t h e r  s a t e l l i t e e .  Most of 
these u n c e r t a l n t i e e ,  however, w i l l  remain w i t h  ue u n t i l  
sa te l l i t e  experiments are conducted with t h e  s p e c i f i c  pur- 
pose of i n v e s t i g a t i n g  gas-surface i n t e r a c t i o n s  i n  t h e  space 
env i  ronmen t . 
3. Project ODYSSEY 
Because o f  t h e  incompleteness and l a c k  of coordinat ion o f  
t h e  measurements of a i r  dens i ty ,  composition and surface-  
p a r t i c l e  i n t e r a c t i o n  which have so f a r  been performed i n  
space,  t h e  Marshal l  S ace F l igh t  Center has proposed the  
set o f  measurements on several satel l i tes  s imultaneously 
launched i n t o  neighboring o r b i t s .  The p a r t  of t h i s  program 
devoted t o  su r face -pa r t i c l e - in t e rac t ion  measurements in t h e  
f ree-molecular  regime w i l l  now be described. 
ODYSSEY Program(33~34 Y , which w i l l  perform a coordinated 
One sa te l l i t e  w i l l  be a d i f f u s e l y  r e f l e c t i n g  sphere,  a type 
of sa te l l i t e  which w a s  f i r s t  suggested by Schaaf(35).  
Cd can be accu ra t e ly  ca l cu la t ed  f rom t h e  speed r a t i o  and 
t h e  satel l i te  temperature. STADAN t r ack ing  measurements of 
I t s  
i ts  o r b i t a l  decay w i l l  measure 
enable  t h e  average atmospheric 
v a l s  t o  be determined within 1 
The second satel l i te  w i l l  be a 
Cd w i l l  be d i r e c t l y  ca l cu lab le  
the  drag fo rce .  This  w i l l  
d e n s i t y  over  3-day i n t e r -  
o r  2 percent .  
paddlewheel sa te l l i te .  Its 
from i ts  o r b i t a l  decay, be- 
cause t h e  atmospheric densi ty  w i l l  be known from t h e  d i f -  
f u s e l y  r e f l e c t i n g  sphere.  
d e n s i t y  from t h e  sphere,  and t h e  sa te l l i t e  v e l o c i t y  from 
t h e  t r a c k i n g  da ta ,  w e  s h a l l  know t h e  momentum imparted t o  
t h e  paddlewheel sa te l l i te  by i n c i d e n t  a i r  molecules. The 
rates of o r b i t a l  decay and s p i n  decay of t h e  paddlewheel 
sa te l l i t e  can then be used t o  c a l c u l a t e  components of t h e  
momentum of  t h e  re-emitted molecules. 
Knowing t h e  abso lu te  atmospheric 
- 
In order  t o  measure t h e  momentum re-emitted from s e v e r a l  
d i f f e r e n t  materials, t h e  c e n t r a l  body of t h e  paddlewheel 
Satell i te w i l l  be coated with p a i n t  (whose p r i n c i p a l  func- 
tion is t o  c o n t r o l  the temperature i n s i d e  t h e  sa te l l i t e ) ,  
and t h e  two s i d e s  of t h e  paddles w i l l  be  of t w o  o t h e r  mate- 
r i a l s ,  such as  s i l i c o n  dioxide and gold. The paddles w i l l  
be mnvable l i k e  a v a r l ~ h l e  p i t c h  propeller, so that the ef- 
f e c t  of a n g l e  of Incidence on t h e  s u r f a c e  i n t e r a c t i o n  par- 
ameters can be measured, and t h e  drag on t h e  painted sphere 
' I  
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can be sepa ra t e ly  measured. 
ponents on s i n g l e  materials can be found. 
By s u b t r a c t i o n ,  t h e  force com- 
It is t h e  f o r c e  components which w e  measure, but w e  would 
a l s o  l i k e  t o  know whether some s imple model g ives  a good 
macroscopic r e p r e s e n t a t i o n  of t h e  i n t e r a c t i o n  of a i r  mole- 
cu le s  with sa te l l i t e  su r faces .  It is planned to  compare 
t h e  measured momentum components wi th  those  Riven bv Max- 
w e l l ' s  and Schamberg's m d e l s ,  and supe rpos i t i ons  of Scham- 
berg 's  models wi th  d i f f e r e n t  A C ' s .  Ext rapola t ion  of r e s u l t s  
of t h e  a n a l y s i s  of Explorer  VI and A r i e l  I1 sugges ts  t h a t  
AC's can be meaeured wi th  an accuracy of a few percent  everv 
3 days. S u i t a b l e  equat ions f o r  making most of t h e s e  ca l -  
t u o ,  . The phvsics  o f  the cu la t ions  have been publ ished earlier paddlewheel satell i tes 
problem is made c l e a r  i n  t h e  Appendix, which i s  R summarv 
of Reference ( 2 ) .  
onnect ion wi th  work on 
Even with a l l  t h e s e  q u a n t i t i e s  being measured, i t  is pos- 
s i b l e  t h a t  t h e  measurements would no t  apply t o  any o t h e r  
satell i te:  
so Cd probably changes cont inuously i n  t h e  neighborhood of 
per igee.  
o r b i t a l  e c c e n t r i c i t y  might have a d i f f e r e n t  average Cd n e a r  
per igee.  I n  o r d e r  t o  d e t e c t  such e f f e c t s ,  t h e  sa te l l i tes  
w i l l  be placed i n  h igh ly  e c c e n t r i c  o r b i t s .  Lunar and s o l a r  
g r a v i t a t i o n a l  p e r t u r b a t i o n s  w i l l  then raise and lower t h e  
per igee  a l t i t u d e  wi th  pe r iods  of 14  days and 6 months, 
r e spec t ive ly .  Cd can be measured f o r  many d i f f e r e n t  p e r i -  
gee he ights .  I f  t h e  sun s e n s o r  which measures t h e  s p i n  
rate is s u f f i c i e n t l y  accu ra t e  (10 sec of a r c ) ,  i t  should 
even be p o s s i b l e  t o  d e t e c t  changes i n  t h e  drag  c o e f f i c i e n t  
as t h e  sa te l l i te  passes  down through pe r igee  and back up. 
Several  d i f f e r e n t  i n v e s t i g a t o r s  w i l l  make s imultaneous 
Pleasurements of t h e  atmospheric d e n s i t y ,  temperature  , and 
composition by the  m a s s  s p e c t r o ~ a e t r i c ( 3 6 )  and e x t i n c t i o n ( 3 7 )  
techniques.  It is hoped t h a t  a nude m a s s  spectrometer w i l l  
be ab le  t o  correlate t h e  level of s u r f a c e  contaminat ion wi th  
the  AC a t  var ious pe r igee  a l t i t u d e s  between 110 and 300 km. 
(The use of m a s s  spec t rometers  t o  s t u d y  adso rp t ion  is d i s -  
cussed i n  a companion paper(38).)  
r ad ia t ion  w i l l  a l s o  be measured i n  s e v e r a l  energy ranges.  
One experiment o f t e n  i l l u m i n a t e s  some p o i n t  which is 
Adsorption and desorp t ion  proceed cont inuous ly ,  
A sa te l l i t e  wi th  a d i f f e r e n t  pe r igee  he igh t  o r  
The l e v e l  of s o l a r  UV 
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obscure i n  another  experiment, so i t  is hoped t h a t  by per- 
forming a l l  t h e s e  experiments a t  t h e  same p lace  and t i m e ,  
t h e  p re sen t  disagreements(39,40) among sa te l l i t e  d e n s i t y  
and composition measurements wiii be resoived. 
4. Conclusions 
Measurements made by paddlewlreel sa te l l i t es  and mass spec- 
trometers i n  t h e  a l t i t u d e  range 250  t o  300 km i n d i c a t e  t h a t  
sa te l l i t e  s u r f a c e s  a t  t h e s e  a l t i t u d e s  are contaminated w i t h  
adsorbed atmospheric gases ,  the AC's  are i n  t h e  range 0.65 
t o  0 .9 ,  and (by impl i ca t ion )  t h e  angular  d i s t r i b u t i o n  of 
re-emission is nea r ly  d i f fuse .  The Cd'S implied by these  
measurements are 2.25 f o r  A r i e l  11, which w a s  i n  a moder- 
a t e l y  e c c e n t r i c  o r b i t ,  and 2 . 4  f o r  Explorer V I ,  which w a s  
i n  a highly e c c e n t r i c  o r b i t .  This appears t o  confirm t h e  
Cd of 2.2 which is conventionally used t o  reduce satel l i te  
drag data .  However, t h e  AC, Cd, and angular  d i s t r i b u t i o n  
could vary w i t h  a l t i t u d e ,  o r b i t a l  e c c e n t r i c i t y ,  angle of 
incidence,  and s u r f a c e  material, so t h e  a i r  d e n s i t i e s  in-  
f e r r e d  from p a s t  drag measurements could con ta in  s i z a b l e  
errors, e s p e c i a l l y  i f  per igee were above 600 km. 
To e l i m i n a t e  t h e  de f i c i ency  of knowledge i n  t h e s e  areas, 
t h e  Marshall Space F l i g h t  Center has proposed Project 
ODYSSEY. I n  t h i s  p r o j e c t ,  many d i f f e r e n t  i n v e s t i g a t o r s  
w i l l  make coordinated measurements of AC'e ,  Cd's, s a t e l l i t e  
s u r f a c e  contamination, atmospheric d e n s i t y ,  composition, 
and temperature a t  many d i f f e r e n t  a l t i t u d e s ,  as w e l l  as t he  
solar  UV energy source.  The many techniques which w i l l  be 
employed simultaneously m a k e  t h i s  t h e  most d e t a i l e d  s tudy 
of  t h e  upper atmosphere and its i n t e r a c t i o n  with satell i tes 
which has  y e t  been proposed. It is hoped t h a t  t h i s  con- 
c e r t e d  i n v e s t i g a t i o n  w i l l  reveal how satell i tes i n t e r a c t  
w i t h  t h e  atmosphere, and w i l l  resolve p resen t  disagreements 
among d e n s i t y  and composition measurements made by d i f f e r -  
e n t  methods. 
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APPEND1 X 
Leon and Reiter's Analysis  of t h e  Aerodynamic Torques 
on a Paddlewheel S a t e l l i t e  
Paddlewheel satell i tes are i n j e c t e d  i n t o  o r b i t  so t h a t  t he  
s p i n  axis nea r ly  co inc ides  wi th  t h e  v e l o c i t y  v e c t o r  at 
per igee.  
wi th  the i n c i d e n t  air molecules cont inuously s t r i k i n g  one 
a i d e  of t h e  paddles .  The r e s u l t i n g  torque i n c r e a s e s  o r  
decreases  the  s p i n  rate during each pe r igee  passage,  depend- 
ing  on t h e  o r i e n t a t i o n  of t h e  paddles .  
The sa te l l i t e  s p i n s  l i k e  a four-bladed p r o p e l l e r ,  
Leon and Re i t e r ' s (2 )  o r i g i n a l  a n a l y s i s  is summarized h e r e ,  
because i t  c l e a r l y  i l l u s t r a t e s  t h e  phys ics  of  t he  problem, 
without t he  g e o m t r i c a l  complicat ions of a more d e t a i l e d  
ana lys i s (9 ) .  The v e l o c i t y  v e c t o r  a t  pe r igee  is a s s m e d  t o  
coincide exac t ly  wi th  t h e  s p i n  axis, so t h a t  scalar equa- 
t i o n s  can be used. Maxwell's o r i g i n a l  model of su r face -  
p a r t i c l e  i n t e r a c t i o n  is employed, so a f r a c t i o n  o of the  
inc ident  molecules i n i t i a l l y  s t i c k  on t h e  paddles ,  then are 
p e r f e c t l y  accommodated and d i f f u s e l y  re-emit ted,  while  a 
f r a c t i o n  1-0 are s p e c u l a r l y  r e f l e c t e d .  
The mode5 of t he  sa te l l i te  used i n  Leon and Reiter's 
ana lys i s  i s  s h a m  i n  F igure  3. I n  t h i s  f i g u r e ,  t h e  v e l o c i t y  
of t h e  satel l i te  is V, t h e  in s t an taneous  v e l o c i t y  of a 
paddle r e l a t i v e  t o  t h e  c e n t e r  of  mass is wL, and t h e  angle  
between t h e  sa te l l i t e  v e l o c i t y  vector and t h e  paddle normals 
is 8. 
A cos 8 ,  where  P is t h e  a i r  dens i ty  and A is t he  t o t a l  a r e a  
of one s i d e  of  a paddle.  
The r a t e  at which m a s s  s t r i k e s  each paddle is pV x 
The drag  f o r c e  caused by t h e  
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f r a c t i o n ,  a, of p a r t i c l e s  temporarily s t i c k i n g  on each pad- 
d l e  is 
F1 = - apVA cos 0 V (1) 
There is only a small component of F1 a c t i n g  t o  r e t a r d  t h e  
s p i n ,  F1 (wL/V).  The torque caused by a i r  molecules s t r i k -  
ing t h e  fou r  paddles and s t i c k i n g  is then 
(2) 
2 
l1 - -4 U P V ~ L  COS e 
The torque caused by d i f f u s e  re-emission is c a l c u l a t e d  by 
beginning with the  assumption t h a t  t he  rate a t  which masa 
is re-emitted equa l s  t h e  rate a t  which i t  s t i c k s :  
d 5 / d t  = 4 apVA cos 8 ( 3 )  
The torque caused by d i f f u s e  re-emission is then - -4 UQVA cos OCnL s i n  e T2 (4) 
where C is t h e  normal component of t h e  v e l o c i t y  of re- 
emission. The to ta l  torque caused by molecules which s t i c k  
and then are d i f f u s e l y  re-emitted at t h e  s u r f a c e  temperature 
I S  
n 
( 5 )  
2 - -4 apVA COS e L [W + Cn s i n  e/L] . T d  
The mass rate f o r  t h e  specu la r ly  r e f l e c t e d  p a r t i c l e s  is 
The fo rce  is normal t o  t h e  paddles,  and equa l  to 
The torque caused by t h e  specu la r ly  r e f l e c t e d  molecules 
is then 
T - -4 (1 - a)  OVA cos  0 2 V c o s  0 L s i n  0 ( 8 )  
8 
Combining t h e  to rques  caused by t h e  p a r t i c l e s  which are 
d i f f u s e l y  and speculsrly r e -eg i t t ed  (give= by equstions 
(5) and (81, r e s p e c t i v e l y ) ,  t he  equat ion of motion f o r  t h e  
I 
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Cn s i n  6 
L 
2 
1; = -4 0pVAL cos e [ 0 + ---- 
I (9) 2 (1 - u) V cos e s i n  e UL + 
where I is t h e  ro l l  moment of i n e r t i a ,  and w is  t h e  angular  
v e l o c i t y  of sp in .  
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FIGURES 
1. The Models of Angular Distribution 
2 .  Accomodation Coefficient as a Function of the 
Assumed Angular Distribution 
3. Explorer V I  Sa te l l i t e  at Perigee (after Leon and 
R e i  te r) 
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FIGURE 2. ACCOMMODATION COEFFICIENT AS A FUNCTION OF 
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